A novel type of nanolasers, which combines the advantages of photonic crystal lasers and microdisk lasers, has been demonstrated based on InAlGaAs/InGaAs quantum wells using pulsed optical-pumping at room temperature. It incorporates the properties of small footprint, small mode volume, sub-milliwatt threshold, and favors vertical emission. We believe that this type of laser acts as a promising candidate for highly-integrated on-chip nanolasers in applications for signal processing and index sensing. © 2011 Optical Society of America OCIS codes: 140.3945, 050.5298, 140.3410.
The ultimate nanolaser would have a device footprint on the order of an optical wavelength in all three dimensions, a low power consumption (lasing threshold) which requires a small modal volume (V mod ) and a high quality factor (Q), and a high extraction efficiency. Photonic crystal lasers and microdisk lasers are two candidate solutions towards reaching these goals.
Photonic crystal lasers [1, 2] are capable of confining photons within a modal volume close to the diffraction limit [∼ (λ/n) 3 ]. These properties have proven to make nanolaser devices with low threshold [3, 4] and high modulation speed [5, 6] feasible. In addition, photonic crystal lasers can be tailored to emit vertically by engineering the pattern of the cavity mode [7] . Despite these properties, photonic crystal lasers have a few drawbacks. First, the footprint of the photonic crystal lasers is limited by the multiple periodic Bragg layers used to confine the cavity mode. Second, most photonic crystal cavities rely on suspended semiconductor membranes to provide a good index contrast, which makes efficient electrical injection of carriers into the cavity mode difficult. Microdisk lasers [8] , on the other hand, rely on whispering gallery mode pinned via total internal reflection to the boundary of the disk. They offer a platform for very compact electrically-driven lasers, with footprint on the order of optical wavelength [9] [10] [11] . However, the whispering gallery mode travels through the whole circular edge of the microdisk, and therefore results in a relatively large mode volume [ Fig. 1(c) ]. Furthermore, the whispering gallery mode does not emit vertically, which makes the collection of photons difficult [12] . Normally evanescent coupling via a tapered fiber is used to collect the emitted photons efficiently [9] . This makes integration of large arrays of microdisk lasers problematic. To overcome this, vertically-emitting microdisk laser uses a second-order metallic grating atop to extract the light out [13] .
In this paper, we demonstrate nanolasers operated at . In this way, Bragg mirrors at each end of the nanobeam are combined in one curved Bragg mirror. Therefore, the number of holes can be decreased because the transmission losses are cycled through the disk, which reduces the device footprint. We start our design with a 2.56μm diameter, 325nm thick microdisk that supports a resonance of TE 1,10 mode at 1750nm. Next, we add 20 holes with equal angular spacing around the perimeter of the disk. This causes the two degenerate TE 1,10 modes, which propagate in clockwise and counter-clockwise direction, to split into two standing-wave modes: one mode with its field concentrated in the dielectric whereas the other in the hole region, as shown in Fig. 2 (b) and (c). These modes are similar to the modes of microgear cavities [17] . In anal- ogy to photonic crystals, these two modes correspond to the dielectric band-edge and air band-edge. Between these bandedges, the propagation of TE 1,10 mode is forbidden. In order to maximize the bandgap width, and thereby optimize the azimuthal confinement, we place the center of the holes at electric field maximum. Fig.  2(a) shows the band-edge wavelength and normalized bandgap width (ratio of the gap width to the midgap wavelength) as a function of the hole radius. It can be seen that the bandgap is maximized at 97nm, and the center of the bandgap is at ∼ 1550nm. We emphasize that the bandgap is not complete: there are higher-order modes with different radial field distribution that may exist in the wavelength of interest.
Next, we introduce the defect region to the disk, by modifying the hole-to-hole angular spacing as well as the holes' radii. The final structure is shown in Fig. 1(b) , where there are 11 identical holes on the bottom half acting as Bragg mirrors, and 10 tapered holes on the top half to localize the mode while suppressing the scattering losses [18] . The cavity mode resonates at 1546nm, and, without considering material losses, has a Q factor of 1.0 × 10 5 , and a modal volume of 0.52(λ/n) 3 . The mode volume is on the same order of photonic crystal nanobeam cavities [14] [15] [16] .
Our cavities are fabricated on commercial InP substrate. A 325nm thick In 0.53 (Al 0.4 Ga 0.6 ) 0.47 As layer is epitaxially grown atop using metal-organic chemical vapor deposition (MOCVD). It contains four compressively strained In 0.58 Ga 0.42 As quantum wells, which support TE-polarized gain covering the wavelength range from 1480nm to 1650nm. The pattern is defined with electron-beam lithography. The pattern is subsequently transferred to In 0.53 (Al 0.4 Ga 0.6 ) 0.47 As slab and InP substrate with inductively coupled plasma reactive ion etching. The disk structure is finally realized by selectively wet etching the mesa with 3:1 HCl:H 2 O solution [ Fig.  3(a) ]. We also fabricate microdisk without perforated holes with the same diameter to compare the results [ Fig.  3(b) ]. The two arrays are scaled linearly in size to vary the cavities' resonant wavelengths.
The devices are optically pumped at room temperature using a 980nm semiconductor laser, with 10ns pulses and 400kHz repetition rate. The pump beam is focused to a 3μm diameter spot using a 100X objective lens. The effective pump power is estimated with power measurement after the objective, while taking in account the spatial overlap between the pump beam and the lasing mode. The emission beam is collected through the same objective lens from the top, and analyzed with an InGaAs detector filtered by a monochromator.
For both photonic crystal disks and microdisks, Fig.  3 (e) depicts the lasing wavelength as a function of the diameter of the disk, where modes (c) and (d) are photonic crystal disk modes, and modes (f) and (g) are microdisk modes. It shows good agreement with simulation results plotted in solid lines, which verifies the lasing mode (c) is of the designed defect mode. We note that by controlling the position of the pump spot, lasing from two different photonic crystal disk modes could be obtained in some structures [ Fig. 3(e) ]. The nanolaser, however, does operate in single-mode regime in both cases (only one mode lases at one time). We also note that the two microdisk lasing modes are not the fundamental TE 1,m modes, but the higher-order TE 2,8 , and TE 2,9 modes. These modes have a node of electric field in the radial direction. The fundamental modes cannot be collected from top, because it emits in in-plane directions [12] .
Next, we study the properties of the designed photonic crystal disk mode from one single device [ Fig. 4(a) ]. Fig.  4(b) shows the lasing power as a function of the effective pump power (also known as L-L curve), in comparison with a microdisk laser emitting at the same wavelength. The injection efficiencies are estimated to be 1.74% and 4.36% for photonic crystal disk mode and microdisk mode, respectively. From Fig. 4(b) , the photonic crystal disk lasers have much better extraction efficiencies than microdisk lasers. We believe that this efficiency can be further boosted with subtle far-field engineering of photonic crystals [7] . Inset plots the spectrum at 3.2 times the threshold power of photonic crystal disk mode, which shows clear single-mode lasing emission. In Fig. 4(c) we plot the L-L curve for the photonic crystal disk laser in log-log scale (black dots), along with the L-L curves obtained from rate equations for different spontaneous emission factors (β). The experimental data show good agreement with a β factor of 0.087. More than ten-fold reduction in β-factor of this laser compared to nanobeam laser [14] can be attributed to the existence of higherorder modes. In Fig. 4(d) we show the lasing spectrum of the photonic crystal disk lasers slightly above the lasing threshold (1.1×threshold). It has a full-width halfmaximum (FWHM) of 0.26nm, which corresponds to a Quality factor of ∼ 6000. The Quality factor is limited by the resolution of the monochromator. Free-carrier absorption is also known to decrease the Q factor extensively below its passive value [9] . We also show the lasing emission profile of the photonic crystal disk laser in the inset of Fig. 4(d) , which is taken from a near-infrared camera. Finally, we note that linewidth narrowing effect above threshold could not be observed, due to the strong heating effects in nanolasers, as previously reported [15] .
In summary, we have demonstrated a novel type of photonic crystal lasers, which takes advantage of both microdisk and photonic crystal geometries, and has a small footprint, small mode volume, and high extraction efficiency.
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